We have recently developed a technique for local, reversible tuning of individual quantum dots on a photonic crystal chip by up to 1.8nm, which overcomes the problem of large quantum dot inhomogeneous broadeningusually considered the main obstacle in employing such platform in practical quantum information processing systems. We have then used this technique to tune single quantum dots into strong coupling with a photonic crystal cavity, and observed strong coupling both in photoluminescence and in resonant light scattering from the system, as needed for several proposals for scalable quantum information networks and quantum computation.
INTRODUCTION
Cavity quantum electrodynamics (CQED) is currently one of the most promising approaches for implementing quantum networks for information processing. [1] [2] [3] [4] Envisioned networks consist of elementary quantum systems, most often atom, ions, or quantum dots (QDs), interconnected by photonic channels. To enhance the interaction with light, these quantum systems are placed inside optical cavities. Simple quantum networks have already been proved using atoms coupled to macroscopic optical resonators. 4, 5 However, in order to implement a robust quantum network, it is generally accepted that it should be done with solid state systems. The solid state approach is to use QDs coupled to nanoresonators. Our group uses InAs QDs coupled to GaAs photonic crystal (PC) cavities. The advantage of using PCs is the scalability of this platform intensely investigated for on chip optical signal processing. The InAs QDs are good candidates for implementing quantum networks because of the possibility to manipulate their quantum states into a configuration suitable for quantum information storage. 6 The main challenges regarding the construction of this type of solid state quantum networks is the difficulty to control the QDs. The InAs self-assembled QDs naturally grow randomly on the surface of the wafer, thus making the integration with nanoresonnators a non-trivial task. The deterministic positioning of a PC cavity on top of a QD has already been shown. 7 However this does not represent a scalable solution because the difficulty of aligning many cavities in a quantum network increases exponentially with the number of quantum nodes. The most appealing solution would be for the QDs to be grown in a predefined array with precise positioning. Efforts are currently being done for mastering this technique.
Due to the randomness in the growth process, the spectrum of QDs exhibit inhomogeneous broadening. To create a quantum network, the QDs must be spectrally aligned with each other and with the nanoresonators they are embedded in. To overcome this difficulty, our group has developed two techniques 8, 9 that allow us to independently control the resonances of PC cavities and the QDs. One technique involves local control of the temperature on the chip. While this technique mainly addresses the tuning of QDs, we have developed a second technique that addresses the tuning of PC cavities. This technique is also local and can be used to independently tune PC cavities located on the same chip. Local tuning of PC cavities is part of our theoretical and experimental effort in controlling the properties of the PC devices. Beside the local tuning, our effort includes the design and fabrication of PC cavities with high quality factors and their integration with PC waveguides into an on-chip network.
This way the QD acts as a source of single photons that can be transfered on the chip via a PC waveguide.
14 With the improvement of the quality of our photnic crystals we were able to achieve the strong coupling regime. One of our recent experiments integrates our latest developments in PC design and on-chip QD control to show coherent probing of a strongly coupled QD and giant optical nonlinearities.
All experiments presented in this paper are based on planar PC devices in GaAs with incorporated InAs QDs. QD wafers were grown by molecular beam epitaxy by our collaborators. They generally contained an active region consisting of a 150-160nm thick GaAs layer with a centered InAs/GaAs QD layer. The active layer was grown on an AlGaAs sacrificial layer (with high Al content), which is in turn grown on a GaAs substrate. The suspended PC structures were fabricated on such a wafer by a combination of electron beam lithography and dry etching (which creates a PC pattern in the top GaAs layer containing QDs), and a final wet etching step which dissolves a sacrificial layer underneath PC components.
The paper is organized as follows: in section 2 we discuss a simple quantum network that consists of a waveguide coupled single photon source. In section 3 we present our local tuning techniques used to independently tune the resonances of QDs and PC cavities. Section 4 is dedicated to our recent results on coherent probing of strongly coupled QDs ans observation of giant optical nonlinearities.
GENERATION AND TRANSFER OF SINGLE PHOTONS ON A PHOTONIC CRYSTAL CHIP
Sources of indistinguishable single photons are essential elements of quantum information processing systems required in quantum teleportation, 15 linear-optics quantum computation, 16 and several schemes for quantum cryptography.
17 One way to implement single photon sources is to use a bulk semiconductor QD, but the efficiency of such a system is poor because most of the photons are lost in the substrate. Cavity quantum electrodynamics can be used 18 to increase the photon extraction efficiency and reduce the duration of singlephoton pulses emitted from semiconductor systems. We have demonstrated cavity-enhanced single photon sources based on both microposts 18, 19 and PC cavities.
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An important component of quantum networks is a quantum channel for efficient information transfer between spatially separated nodes.
3 For this reason, we have been pursuing single photon sources where the PC cavity output is redirected into a waveguide for efficient collection. In the rest of this section, we will describe single photon generation in such a structure, where emitted photons are outcoupled into the waveguide, and then transferred into another cavity on the chip (Fig. 1 ).
In Fig.1 , a cavity-coupled QD single photon source is connected through a 25µm channel to an otherwise identical target cavity so that different cavities may be interrogated and manipulated independently. These end cavities with quality factor Q ∼ 1000 have a near-minimum mode volume V mode ≈ 0.74(λ/n) 3 and allow a large spontaneous emission rate enhancement. This system provides a source of single photons with a high degree of indistinguishability (mean wavepacket overlap of ∼ 67%), 12-fold spontaneous emission rate enhancement, spontaneous emission coupling factor β ∼ 0.98 into the cavity mode, and high-efficiency coupling into a waveguide. These photons are transferred into the target cavity with a target/source field intensity ratio of 0.12 ± 0.01 (up to 0.49 observed in structures without coupled QDs), showing the system's potential as a fundamental component of a scalable quantum network for building on-chip quantum information processing devices.
A single-exciton transition is coupled to the source cavity (S) at 897nm (see Fig. 1 ). The transition is driven resonantly through a higher-order excited QD state with a 878nm pump from a Ti-Saph laser. The spontaneous emission rate enhancement is measured from the modified emitter lifetime, which is dominated by radiative recombination. 13 A direct streak camera measurement puts the modified lifetime at 116ps (Fig. 2(b) ). Compared to the average lifetime of 1.4ns for QDs in the bulk semiconductor of this wafer, this corresponds to a Purcell enhancement of F = 12. We estimate that this value of F is about 13 times lower than for an ideally aligned dot, indicating spatial mismatch to 28% of the field maximum. The spontaneous emission coupling factor into the cavity mode is then β = F/(F + f ) ∼ 0.98, where f ∼ 0.2 reflects the averaged spontaneous emission rate suppression into other modes due to the bandgap of the surrounding PC. 13 We characterized the exciton emission by measurements of the second-order coherence and indistinguishability of consecutive photons. The second-order coherence g (2) Figure 1 . Coupled cavities system. Left: The identical source (S) and target (T) cavities are connected via the 25µm waveguide. Design parameters for the PC circuit are: a = 256nm, r0 = 0.3a r1 = 0.25a, r0 = 0.3a, and rw = 0.25a. Electric field pattern is shown in the inset. Middle: Broad emission in cavity S (plot 'SS') is filtered into the target cavity (plot 'ST'), indicating matched cavity resonances with Q=1000. Right: When the QD exciton at 897.3nm in cavity S is pumped (resonantly at 878nm, with 460µW and 1µm focal spot pump), the emission is observed from S ('SS') and T ('ST'). The cross-polarized spectrum from S shows nearly complete quenching of QD emission ('SS, 90
• '). The line at 897.3nm is only observed when S is pumped.
interferometer.
13 When the QD in cavity S is pumped resonantly the photons observed from S show clear antibunching ( Fig.2(a) ), with g 2 (0) = 0.35 ± 0.01.
Because of the shortened lifetime of the cavity-coupled QD exciton, the coherence time of emitted photons becomes dominated by radiative effects and results in high photon indistinguishability. 20 We measured the indistinguishability using a Hong-Ou-Mandel (HOM) type setup. 21 The QD is excited twice every 13ns, with a 2.3ns separation. The emitted photons are directed through a Michelson interferometer with a 2.3ns time difference. The two outputs are collected with single photon counters to obtain the photon correlation histogram shown in the inset of Fig. 2(b) . The five peaks around delay τ = 0 correspond to the different possible coincidences on the beamsplitter of the leading and trailing photons after passing through the long or short arms L or S of the interferometer. If the two photons collide and are identical, then the bosonic symmetry of the state predicts that they must exit in the same port. This photon bunching manifests itself as antibunching in a correlation measurement on the two ports. This signature of photon indistinguishability is apparent in Fig. 2 (b) in the reduced peaks near zero time delay. Following the analysis of Ref. 21 , the data (inset Fig.2(b) ) indicate a mean wavefunction overlap of I = 0.67 ± 0.18, where we adjusted for the imperfect visibility (88%) of our setup and subtracted dark counts in the calculation. Even with higher spontaneous emission rate enhancement, we expect that I < 0.80 for resonantly excited QDs 22 because of the finite relaxation time, measured here at 23ps by the streak camera.
We will now consider the transfer of single photons to the target cavity T. Experimentally, we verified photon transfer from S to T by spectral measurements (see Fig. 1 ): the exciton line is observed from T only if S is pumped. It is not visible if the waveguide or cavity T itself are pumped, indicating that this line originates from the QD coupled to cavity S and that a fraction of the emission is transferred to T. This emission has the same polarization and temperature-tuned wavelength dependence as emission from S. Photon autocorrelation measurements on the signal from T indicate the antibunching characteristic of a single emitter when S is pumped ( Fig. 2(c) ). The signal-to-noise ratio is rather low because autocorrelation count rates are ∼ 0.014 times lower than for collection from S. Nevertheless, the observed antibunching does appear higher, in large part because the background emission from cavity S is additionally filtered in the transfer to T, as shown in Fig.1(b) . Indeed, this filtering through the waveguide/cavity system suffices to bypass the spectrometer in the HBT setup (a 10nm bandpass filter was used to eliminate room lights). The count rate is about three times higher while antibunching, g 2 (0) = 0.50 ± 0.11, is still clearly evident Fig. 2(d) ). The largest contribution to g 2 (0) comes from imperfectly filtered photoluminescence near the QD distribution peak seen in Fig. 1(c) . This on-chip filtering will be essential in future quantum information processing applications and should also find uses in optical communications as a set of cascaded drop filters.
To conclude this section, the experiment shows that single photons can be transferred on the chip which represents a fundamental step toward implementation of PC networks operating at the single photon level. 
LOCAL TUNING TECHNIQUES FOR QUANTUM DOTS AND PHOTONIC CRYSTAL CAVITIES
In the previous section we show a component of quantum network with a single coupled QD. In order to implement a true network, more QDs coupled to cavities need to be interconnected. A major problem in realizing this task is spatial and spectral matching of distinct inhomogeneously broadened QDs. Spatial alignment can be achieved either by positioning the PC cavity on an already identified QD, 7, 23 or by relying on chance. For spectral alignment there are a few techniques that can be used to modify the emission wavelength of InAs QDs: Stark shift, 24 Zeeman shift, 25 temperature tuning 26 and strain tuning. 27 In this section we describe a technique 8 for independent control of QDs, employing structures with high-Q cavities whose temperature is controlled by laser beams. Our in-situ technique allows extremely precise spectral tuning of InAs QDs by up to 1.8 nm and of cavities of up to 0.4 nm (4 cavity linewidths). The technique is crucial for spectrally aligning distinct QDs on a PC chip and forms an essential step toward creating on-chip quantum information processing devices.
To achieve independent on-chip tuning, distinct regions containing the QDs of interest must be kept at different temperatures. Since GaAs is a good thermal conductor, on-chip local thermal insulation must be provided to achieve significant local heating. For this reason, we fabricated suspended PC structures with minimal thermal contact to the rest of the chip as shown in Fig.3 . The fabricated structures (12 µm long, 4 µm wide, 150 nm thick) consist of a PC cavity and a heating pad (Fig.3) . To provide the thermal insulation needed for efficient device heating, the structure was connected to the rest of the chip by only six narrow bridges. The thermal conductivity of narrow (≈ 100nm), cold (4K -10K) GaAs bridges is reduced by up to four orders of magnitude with respect to the bulk GaAs, 28 thus improving the thermal insulation. We tested two devices with connection bridges of the same length (2 µm) but different widths: w = 320nm and w = 800nm. The temperature of the device was controlled by using a focused laser beam to heat up the pad next to the PC cavity. To minimize background photoluminescence in single QD measurements, the heating laser is tuned below the QD absorption frequency. A metal layer (20 nm Cr/15 nm Au) was deposited on the heating pad to increase heat absorption. Assuming that 10 −2 mW of heat is absorbed in the heating pad, we expect the temperature of the membrane to increase by a few tens of Kelvins.
The local QD tuning measurements were performed in a continuous flow liquid helium cryostat maintained at 10K. A Ti:Saph laser tuned at 855 nm was used to excite the QDs while a 960 nm laser diode acted as the heating laser. Using a pinhole we collected photoluminescence from a QD located inside the PC slab. By increasing the power of the heating laser, QD emission was observed to redshift (Fig.4 (a) ). The QD line-width broadens with increasing heating pump power, as expected from experiments where the full sample is heated. We were able to tune the QD by 1.4 nm while the linewidth broadened from 0.04nm to 0.08nm. The QD could be further shifted by 1.8 nm but the PL intensity dropped rapidly. The measurement of the QD shift on the thickness of the connection bridges is shown in Fig.4 (c) . The data in Fig.4 (d) shows the QD tuning by changing the temperature of the cryostat.
To show the compatibility of this local tuning technique with single photon measurements and quantum information processing, we proved anti-bunched single photon emission from an exciton transition using a HandburyBrown-Twiss interferometer while the emission line was shifted by 0.8nm (Fig.4 (b) ). Antibunching can be measured as long as the thermal energy is not larger than the confining energy of the QD, which in our case corresponds to a detuning of ≈ 1.4nm.
Not only the QDs but also the PC cavities shift their resonant frequency with temperature. The local heating technique was used to shift a PC cavity located on the w = 320nm structure. Using the same heating power as for the QD tuning, we observed the cavity resonance red shift by up to 0.48 nm (Fig.5 (a) and (b) ), about 3 times less than the QD shift. The quality factor of the cavity dropped from 7600 to 4900.
This proof of concept experiment shows the local tuning of PC cavities and QDs that are not integrated into a PC circuit. Implementing the local tuning technique in an integrated optical circuit is only a matter of thermal design. A prototype of such a device consisting of several PC cavities coupled to a common PC waveguide is shown in Fig.6 .
As discussed above, the resonance of both the PC cavities and the QDs is affected by the change in temperature. In a real quantum network, one should have the ability to independently control the resonances of • . both QDs and nanoresonators. We are currently developing a method for tuning GaAs PC devices, based on chalcogenide glasses. 9 Chalcogenide glasses quasi-permanently change their optical properties when illuminated with light above their band gap, and have been used to tune optical devices as quantum cascade lasers. 29 The tuning of PCs devices directly fabricated in chalcogenide glasses has already been shown in Ref. 30 . Our approach is to deposit a chalcogenide glass layer on prefabricated GaAs/InAs devices. After deposition, an external laser beam can be used to locally change the refractive index on the PC cavity, as depicted in Fig.7 . The local index change makes the cavity resonance to red-shift and thus can be used for spectral allignemnt on the chip.
COHERENT PROBING OF A STRONGLY COUPLED QUANTUM DOT IN A PHOTONIC CRYSTAL CAVITY
Cavity quantum electrodynamics studies the physics of light emitters inside optical cavities. In the case of a singe emitter coupled to a resonator the relevant parameters are: the coupling rate g between the dipole and the resonator field, the decay rate κ of the field in the resonator, and the free space emission rate of the dipole γ. When g is greater than κ and γ, the system is strongly coupled. In this regime, in case the system is excited, the energy can coherently oscillate between the cavity mode and the dipole, thus giving rise to Rabi oscillations. For a QD resonant with the cavity, this effect can be observed as a degenerately split spectrum in photoluminescence or coherent light scattering. The first observations of strong coupling in nano-resonators have been done in photoluminescence. 7, 31 However, in order to use these system for quantum information science, 3, [32] [33] [34] [35] [36] the probing needs to be done in a coherent manner. We demonstrated coherent probing in Ref. 37 where we showed that a QD can block the photons from entering the cavity when resonant with it.
For this experiment we used a similar structure as the one showed in Fig.3 . A linear three-hole defect in the photonic crystal forms the cavity 38 with a resonant mode at λ = 926nm and measured measured quality factor Q = 1.0 · 10 4 (∆λ cav = 0.10nm). We observe a polariton splitting of 0.05nm.
A narrow-bandwidth laser was used to coherently scan the cavity resonance with a high resolution. To enhance the signal to noise ratio, we set up a cross-polarization measurement as explained in Fig.8(b) . The horizontal |H component of the scattered probe beam then carries the cavity reflectivity R as given by Eq.2. To avoid difficulties related to laser stability and power normalization, we keep the laser wavelength fixed and instead scan the cavity and QD using the local temperature-tuning technique 8 described in the section 3. The sample is kept at 27K and probed using a confocal microscope setup Fig.8(a) . In Fig.8(d) we show the reflectivity signal from a cavity without coupled QDs. In this case the cavity resonance is swept through the laser beam by using local temperature tuning. To maximize the signal to noise ratio we used a half wave plate in front of the setup to compensate for non optimal orientation of the cavity (see Fig.8(a) ).
The strong coupling regime was first confirmed by exciting the system with laser light tuned at 780nm above the band gap of GaAs as observing the photoluminescece. Anticrossing between the two polaritons is clearly observed in Fig.9(c) , as the QD is tuned into resonance with the cavity.The splitting between the polaritons is described by
where ω c denotes the cavity frequency, ω d the QD frequency, δ = ω d − ω c the QD/cavity detuning, cavity field decay rate κ/2π = 16 GHz (linewidth 0.1 nm), Rabi frequency g/2π = 8 GHz (from Rabi splitting of 2g corresponding to 0.05nm), and the dipole decay rate without the cavity γ/2π ≈ 0.1 GHz. As g ≈ κ/2, the cavity/QD system operates at the onset of strong coupling, 39 as was also the case for other QD-PC cavity QED experiments done in photoluminescence.
7, 31
Having verified the strong coupling, the reflectivity was probed by setting the probe laser at five different detuning from the anticrossing frequency. An excitation power less than 3nW was used in order to keep a low average photon number in the cavity. The spectrum in Fig.10 shows the reflectivity signal as a function of temperature scan for the case when the probe laser was detuned by 0.83g from anticrossing. In this data set, the temperature tuning is used to sweep the QD and cavity back and forth through the probe laser. Instead of observing a Lorentzian-shaped cavity spectrum as in Fig.8(d) , a drop in the reflected signal is observed at the QD wavelength which is the signature of coherent probing of the system. The reflected signal from the described cavity is derived following Refs. 35 and 33. The spectrum of the reflected probe signal after the polarizing beam splitter is then given by
where η accounts for the efficiency of coupling to and collecting from the cavity. We fit this relation to the observed spectrum, using the system parameters and the tracked wavelength of the cavity and the QD Fig.10(A) . Figure 9 . Photoluminescence of a single QD tuned through strong coupling to a PC cavity, excited using an above-band pump beam (780 nm wavelength, with 20 nW power incident on the sample surface). Tuning of the QD through the cavity resonance is achieved following our earlier work, 8 with a heating beam intensity-modulated between 6µW and 300µW to change local temperature TL from 27-33K. (a) A reference QD is used for tracing the wavelength of the strongly coupled QD, since dots that are closely spaced in wavelength exhibit identical temperature tuning behavior. The heating beam power is modulated with a triangular pattern and shifts the QD nearly linearly. (b) PL emission shows the strongly coupled QD tuned in and out of resonance with a PC cavity (Q ≈ 1.0 · 10 4 ). In the reflectivity measurements, the aboveband pump is switched off and the cavity/QD system probed at different detunings of the reflected laser beam from the point of anticrossing (lines A-E). Inset: QD and cavity traces. (c) Individual PL cross-sections show anticrossing between QD and cavity, with measured Rabi splitting of 0.05 nm (corresponding to 2g, where the coupling strength g/2π = 8GHz). As a guide the the eye, we show the wavelengths of the uncoupled QD and cavity (red line). Figure 10 . QD-controlled cavity reflectivity at different probe wavelengths A-E, as indicated in Fig.9(b) . (a) Reflectivity spectrum of probe laser as function of QD and cavity detunings, as determined from corresponding PL spectra (see Fig.9 ). The probe laser is detuned by ∆λ = 0.021nm (corresponding to ∆λ = 0.83g) from the anticrossing point between QD and cavity (see inset). Ideal theoretical plots are calculated from Eq.2. Also shown are theoretical plots that take into account a ∼ 0.005 nm-jitter of cavity and QD wavelength resulting from the heating laser power fluctuation. In doing the fit we also take into account temperature fluctuations that arise from instabilities in the power of the heating laser. In Fig.10 (B-E) we show the reflectivity data for other probe wavelengths. Each spectrum (B-E) captures the QD-induced dip at different detunings from the anticrossin wavelength. These detunings range from −1.2g(-0.03nm) to 4.5g(0.11nm). For each scan, the dip in reflectivity occurs precisely where the QD crosses the laser beam.
The depth of the dip in reflectivity depends on the input power of the probe laser. At high power the QD saturates, giving rise to a giant optical nonlinearity. This nonlinearity is explored in Fig.11 . The input power P in is increased from the low-excitation limit at 5 nW before the objective (corresponding to average cavity photon number n cav ≈ 0.003 in a cavity without QD) to the high-excitation regime with P in ≈ 12µW (corresponding n cav ≈ 7.3). Here, n cav is estimated as ηP in /2κhω c , where η ≈ 1.8% is the coupling efficiency into the cavity at this wavelength. Fig.11(a) shows the QD-induced reflectivity dip vanishing as P in is increased roughly by three orders of magnitude. The data is summarized in Fig.11(b) , where we plot the reflectivity R at the QD detuning ∆λ = −0.012 nm, normalized by the reflectivity value R 0 for an empty cavity at the same wavelength as the probe laser (i.e., for g → 0). Our results agree with the theoretical model (solid curve) and previous measurements in atomic systems. 40 Saturation begins at ∼ 1µW of incident power (measured before the objective), corresponding to n cav ≈ 1/2. Taking into account the coupling efficiency η, this implies a saturation power inside the cavity of only ∼ 20 nW, in agreement with previous predictions for giant optical nonlinearity in a microcavity.
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In conclusion, we have shown that a QD can be used to change the reflectivity spectrum of a photonic crystal cavity. This experiment proves coherent probing of solid state strongly coupled systems. This has far reaching implications for quantum information processing in solid-state systems, as it opens the door to high-fidelity controlled phase gates, 33 single photon detection, 42 coherent transfer of the QD state to photon state, 3 and quantum repeaters employing nondestructive Bell measurements with the addition of a third long lived QD level. 
CONCLUSION
In this paper we presented our latest experimental progress in the study of on-chip cavity quantum electrodynamics. We showed that single photons can be generated in a photonic crystal cavity and then transferred to another cavity via a photonic crystal waveguide. This simple system represents a vital component for future solid state quantum networks were QDs in photonic crystal cavities are connected via photonic crystal waveguides. To solve the problem of inhomogeneous broadening of QDs, we developed two local tuning techniques that allow us to independently tune QDs and photonic crystal cavities located on the same chip. One tuning method relies on local control of temperature. The other method, based on chalcogenide glasses, relies on local control of the The scale for the calculated mean photon number ncav is also indicated. Also plotted is the expected reflectivity R0 when the QD is removed (dashed curve). (b) Reflectivity at ∆λ = −0.012, normalized by empty-cavity reflectivity at the same wavelength, as a function of probe laser power. Saturation begins near 1µW of input power, corresponding to ncav ≈1/2. The dashed curve shows the reflectivity ratio if no thermal fluctuations were present. At large power, both curves tend to unity as the QD/cavity spectrum approaches the Lorentzian shape of the empty cavity.
